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Fresh soot particles are generally hydrophobic, however, particle hydrophilicity can be increased through
atmospheric aging processes. At present little is known on how particle chemical composition and
hydrophilicity change upon atmospheric aging and associated uncertainties governing the ice cloud
formation potential of soot. Here we sampled two propane ﬂame soots referred to as brown and black
soot, characterized as organic carbon rich and poor, respectively. We investigated how the ice
nucleation activity of these particles changed through aging in water and aqueous acidic solutions, using
a continuous ﬂow diﬀusion chamber operated at cirrus cloud temperatures (T # 233 K). Single
aggregates of both unaged and aged soot were chemically characterized by scanning transmission X-ray
microscopy and near edge X-ray absorption ﬁne structure (STXM/NEXAFS) measurements. Particle
wettability was determined through water sorption measurements. Unaged black and brown soot
particles exhibited signiﬁcantly diﬀerent ice nucleation activities. Our experiments revealed signiﬁcantly
enhanced ice nucleation activity of the aged soot particles compared to the fresh samples, lowering the
required relative humidities at which ice formation can take place at T ¼ 218 K by up to 15% with respect
to water (DRHi z 25%). We observed an enhanced water uptake capacity for the aged compared to the
unaged samples, which was more pronounced for the black soot. From these measurements we
concluded that there is a change in ice nucleation mechanism when aging brown soot. Comparison of
the NEXAFS spectra of unaged soot samples revealed a unique spectral feature around 287.5 eV in the
case of black soot that was absent for the brown soot, indicative of carbon with hydroxyl functionalities.
Received 9th November 2019
Accepted 25th February 2020

Comparison of the NEXAFS spectra of unaged and aged soot particles indicates changes in organic
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functional groups, and the aged spectra were found to be largely similar across soot types, with the
exception of the water aged brown soot. Overall, we conclude that atmospheric aging is important to
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representatively assess the ice cloud formation activity of soot particles.

Environmental signicance
Soot is an important anthropogenic pollutant known to impact human health and climate. Nevertheless, the aerosol–cloud interactions of soot particles
(indirect climate eﬀect) remains poorly constrained. In particular, the impact of atmospheric aging mechanisms on the ice nucleating ability of soot remains
a key uncertainty due to changes in particle physicochemical properties. We investigate changes in the ice nucleating activity of two soot types following aging in
aqueous environments, mimicking acidic conditions found in cloud and haze droplets. Aged soot particles reveal enhanced ice nucleating abilities comparable
to that of mineral dust particles. Aged particles also show distinct chemical changes and enhanced hydrophilicity. Such changes will have implications for the
aerosol–ice cloud interactions of soot particles.
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1. Introduction
Soot particles inuence climate directly by absorbing and
scattering shortwave radiation, as well as indirectly through
cloud formation.1–3 Soot is mainly composed of elemental and
organic carbon (OC). Elemental carbon (EC) denotes waterinsoluble, refractory graphitic black carbon which strongly
absorbs light in the visible and near-visible spectral regions.4
The OC fraction encompasses saturated, unsaturated and polyaromatic hydrocarbons (PAHs) along with other organic
compounds.5 In addition, soot can contain (inorganic) impurities, depending on the combustion condition and source.6 Here,
we explicitly include these compounds in the term soot, given
their importance for the lifetimes and cloud-forming eﬀects of
the combustion particles. For instance, the heterogeneous ice
nucleation ability of soot has been observed to be closely linked
to its physicochemical particle properties.7,8 The extent to which
soot properties are aﬀected by atmospheric aging is still largely
unknown. Aging can result in processes that aﬀect particle
hydrophilicity, including changes in particle morphology and in
chemical surface functionalities induced through e.g. oxidation
processes. While freshly emitted soot particles are usually
hydrophobic,9 both the physical and chemical properties of the
soot particles can be altered during atmospheric aging.10 The
breadth of atmospheric aging covers a large variety of processes,
including oxidation by atmospheric trace gases,11 photochemical reactions12 as well as condensation (coating) of semi-volatile
material such as secondary organic aerosol (SOA) species13 and
sulfuric acid (H2SO4) on the soot particles,14 changing the
mixing state of the aerosol particles15 and in turn their radiative
properties.16,17 Some studies have investigated the various
consequences of atmospheric aging of soot particles for their
susceptibility to interact with atmospheric water and their
ability to serve as nucleation sites for water vapor, which is
critical to quantify their cloud formation potential.18 For
instance, initially hydrophobic soot aggregates can be transformed into more hydrophilic19 or even hygroscopic particles,20
in case the aging leads to an increase in the particle watersoluble mass fraction.6,21
Water uptake on soot particles is determined through an
interplay of particle physical properties (morphology) and
chemistry. For soot particles with water-soluble material, water
uptake can take place through absorption. Water molecules can
also adsorb on hydrophilic (polar) surface sites with e.g.
oxygenated surface functional groups,22,23 followed by the
formation of water clusters that can freeze and cause macroscopic ice formation. For instance, Koehler et al.7 found both an
increased water uptake capacity and ice nucleation activity aer
oxidizing thermal soot in mixtures of nitric and sulfuric acid.
They attributed the enhanced ice nucleation to so-called
adsorption freezing, where an increased number of hydrophilic functional groups on the particle surface allows for water
adsorption and subsequent freezing of the adsorbate. In the
same study, another soot type derived from an aircra engine
was found to be more hydrophilic but at the same time less ice
active than the oxidized thermal soot. Koehler et al.7 argued that
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the availability of water soluble material on the aircra soot
causes a change in the water uptake mechanism and ultimately
impacts the ice nucleation activity, with the aircra soot taking
up water hygroscopically (absorption). Within classical nucleation theory, which is commonly used to describe the heterogeneous ice formation on a particle surface, the particle
hydrophilicity is usually accounted for by the contact angle,
denoting a macroscopic parameter to describe particle wettability.24,25 Aging processes have been reported to decrease the
contact angle, i.e. enhance the wettability of soot samples26 with
consequences for their ice cloud formation potential. Finally,
soot particle morphology can aﬀect their water uptake capacity
and ultimately ice formation.27 If the soot aggregate hosts
mesopores with typical sizes of about dpore ¼ 2–50 nm, water
can be taken up into such cavities by capillary condensation.28,29
Following classical nucleation theory, pore water in mesopores
with sizes comparable to the critical ice embryo can freeze
homogeneously at temperatures below the homogeneous
nucleation temperatures (235 K), forming ice through the pore
condensation and freezing (PCF) mechanism.30–32 In fact, soot
particles have been reported to form ice through PCF at cirrus
temperatures.8,33
Considerable eﬀorts to link the ice nucleation activity of soot
particles to their physical and chemical properties have been
made.7,34 In this study we expose soot particles for long time
scales on the order of months, to study the eﬀect of water and
dilute acid exposure on ice nucleation. Particle physicochemical
properties were observed concurrently while quantifying the
ability of aged soot particles to nucleate ice in controlled laboratory experiments. We use soot derived from a commercial
propane ame burner and the ice nucleation experiments are
performed using the horizontal ice nucleation chamber
(HINC).33,35 Two soot types were investigated that diﬀer in their
OC content, derived from diﬀerent combustion conditions, in
order to mimic diﬀerent particle properties and sources. Aging
of the soot particles is achieved by submersing them in pure
water and aqueous H2SO4 to address the acidic environment
frequently found in cloud droplets.36,37 The compositional
changes in soot before and aer aging are probed with scanning
transmission X-ray microscopy coupled with near edge
absorption ne structure (STXM/NEXAFS) following previous
studies.38–44 We complement these experiments by water vapor
sorption measurements to quantify the particle hydrophilicity,
as has been done in several previous studies on carbonaceous
aerosol.28,45–49 Drawing from these diﬀerent measurements, we
provide a comprehensive discussion of soot composition and
water sorption and its link with the ability of aged soot to
nucleate ice at upper tropospheric conditions.

2.
2.1

Methods
Soot particle generation and aging

Soot particles were generated using a miniature combustion
aerosol standard (miniCAST, Model 4200, Jing Ltd., Zollikofen,
Switzerland). The miniCAST is a propane ame diﬀusion
burner that allows generation of soot particles of diﬀerent sizes
and OC fractions by changing the combustion conditions.50–52
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Here we chose to use soot derived from the miniCAST because it
allows generation of particles in a stable and reproducible way,
a premise to analyse aging induced changes in the particle
physicochemical and ice nucleation properties. MiniCAST soot
is frequently used as proxy for aircra exhaust, when operating
the burner under fuel-lean combustion conditions,53–55 whereas
soot with higher OC content is more representative of particles
emitted from e.g. biomass burning. In general, the content of
(semi-volatile) organic material decreases with decreasing fuel/
oxygen ratio,56 due to the higher combustion eﬃciency of
oxygen rich ames, allowing most of the PAHs and hydrocarbons formed during the combustion process to become
oxidized or transformed into soot. Hence, the types of organics
and overall properties of the soot particles strongly depend on
the combustion condition.50,54 Combustion conditions have
also been reported to alter soot particle hydrophilicity with
increasing hydrophilicity exhibited with decreasing fuel/oxygen
ratio.57–59 By using fuel-lean and fuel-rich ame conditions
Mahrt et al.33 generated and characterized soots with low and
high OC fraction, termed mCASTbl and mCASTbr for miniCASTblack and brown, respectively, and the soots used here for
aging experiments were generated using identical combustion
conditions as Mahrt et al.33 They reported fractal dimensions of
1.86 and 2.31 for miniCASTbl and mCASTbr, respectively. While
the slightly higher fractal dimension for mCASTbr suggest more
round, i.e. more compact aggregates, compared to mCASTbl,
the transmission electron microscopy analysis revealed an
overall comparable aggregate structure for both soot types.
Samples of each soot type were collected at the miniCAST outlet
on quartz ber lters (Tissuequartz lters, type 2500QAT-UP,
Pall Corporation). Acidic suspensions (pH ¼ 4) of soot in
Milli-Q water (18.2 MU cm, pH ¼ 5.8) and H2SO4 (95%, SigmaAldrich) were prepared, by scraping the soot oﬀ the lters with
a metal spatula. Similarly, suspensions with soot only in Milli-Q
water were prepared for comparison. Prior to chemical and ice
nucleation analysis, the solutions were stored for two months
under dark conditions and at constant temperature, T, of 277 K.
This aging time was chosen to estimate the upper limit of
magnitude of soot particle aging in aqueous solutions on their
ice nucleation ability. Suspension of the soot particles was
ensured through regular agitation of the samples during aging
and particle generation from solution as described below.
Unaged soot directly from the miniCAST exhaust was also
characterized and tested for its ice nucleation activity. For these
experiments, the miniCAST exhaust was diluted by a factor 10
using synthetic, VOC-ltered air in a dilution stage (Model
VKL10, Palas), and fed to a 0.125 m3 stainless steel mixing
chamber, from which soot particles were sampled for ice
nucleation measurements. In the mixing chamber aggregate
size increases through coagulation and aggregation, achieving
a suﬃciently high and stable number concentration of 400 nm
soot aggregates for our ice nucleation measurements.

2.2

Ice nucleation experiments

Aged soot was generated with a nebulizer (Model 8026, TSI Inc.)
mounted on a magnetic stirrer to ensure a uniform suspension
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from which the soot was being aerosolized and subsequently
passed through a diﬀusion drier. Particles with an electrical
mobility diameter of dm ¼ 400 nm were selected using a diﬀerential mobility analyzer (DMA, classier 3080, column 3081, TSI
Inc., aerosol to sheath ow ratio of 1 : 7). Similarly, a DMA was
used to sample the fresh, unaged soot particles directly from the
mixing volume described above. Ice nucleation experiments
were performed using HINC, a continuous ow diﬀusion
chamber, described in detail elsewhere.33,35 Briey, two ice
coated parallel plates are cooled to diﬀerent temperatures, so
that a linear temperature gradient between the two horizontally
aligned plates is established. This results in a water vapor
supersaturation prole across the vertical extent of HINC. The
parametrization of Murphy and Koop60 is used to dene the
relative humidity (RH) across the so-called aerosol lamina, the
soot particles are exposed to within HINC. Particle residence
time for the ice nucleation experiments in HINC was s z 10.4 s.
An ice nucleation experiment in HINC is performed by slowly
scanning RH (RHi < 3% min1) by increasing the temperature
gradient between the top and the bottom wall of HINC, but
keeping the centerline temperature constant. The ice nucleation activity was quantied by measuring the activated fraction
(AF) given as:
AF ¼

nice;CH . 1 mm
:
ntot;CPC76

(1)

Here, nice,CH>1 mm denes the number concentration of ice
particles detected by the optical particle counter (OPC, Model
GT-526S, Met One Instruments Inc., Oregon, USA) downstream
of HINC that grow to sizes >1 mm in optical diameter and
ntot,CPC76 the total number concentration of soot particles
upstream of HINC, monitored by a condensation particle
counter (CPC, Model 3076, TSI Inc., operated in low ow mode)
operated in parallel, and taking into account the dilution due to
the aerosol to sheath ow ratio within the chamber. Counting
uncertainty in both OPC and CPC is 10%, translating to an
uncertainty in AF of 14%. The RH-uncertainty across the
aerosol lamina results from uncertainty in temperature control
of the two plates and is a function of the aerosol to sheath ow
ratio within the chamber, the centerline T and the temperature
gradient between both walls, as detailed in Mahrt et al.33 Here,
we conservatively estimated the RHw (RHi) uncertainty to be 2
(3.75) and 3 (5.5) %, at the centerline temperatures of 233
and 218 K tested here, assuming a lower limit for our aerosol to
sheath ow ratio of 1 : 10, and evaluated for a maximum RHw ¼
105% reached at the end of our RH-scans. The ice nucleation
results presented here represent mean values over two independent RH-scans at each T and for each soot sample.

2.3

Soot particle collection

For each soot sample, size selected particles were collected on
standard Cu grids with a single-coated continuous carbon lm
(Quantifoil Micro Tools GmbH, Grosslöbichau, Germany),
using the Zurich electron microscope impactor (ZEMI). ZEMI is
a rotating drum impactor that allows independent control of
aerosol ow rate, sampling duration and impaction distance.33
Environ. Sci.: Processes Impacts
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Impacted particles were then subjected to chemical analysis as
described next.

2.4
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indicate a greater degree of graphitization, with the highest
value of r for highly oriented pyrolytic graphite.40 We carefully
assessed beam damage which was successfully avoided as
described in ESI.†

Chemical characterization by STXM/NEXAFS

Chemical analysis of individual particles was achieved by
STXM/NEXAFS performed at the PolLux facility of the Swiss
Light Source, located at the Paul Scherrer Institute, Villigen,
Switzerland.61 Descriptions of the STXM/NEXAFS technique are
well documented41,62 and are only briey described here.
Monochromatic X-rays are focused on a xed position on the
sample. Scanning the sample position and measuring the
transmitted photons through the particles on the sample
generated an X-ray optical density, OD, image. According to
Beer–Lambert's law:
 
I
OD ¼ ln
¼ rmd ¼ sd;
(2)
I0
where I and I0 denote the transmitted and incident photon ux
as a function of energy, r is the sample (material) density, m is
the mass absorption coeﬃcient, d is the sample thickness and s
is the mass absorption cross section. OD images were acquired
at multiple discrete energies, E, referred to as a stack. This stack
of images was aligned and processed digitally using publically
available soware.63 The reduction in intensity results from
both absorption and electron excitation in atoms. STXM/
NEXAFS is a bulk sensitive analysis meaning that particles
must be suﬃciently small (z0.1–2 mm) so that X-ray transmission through the sample is possible.64
Using so X-rays (l z 1–10 nm), absorption peaks arise from
electronic transitions 1s / p* and 1s / s*, where p* excitations denote transitions at relatively low energies into orbitals
of the lowest unoccupied molecular orbitals (conduction band),
and s* transitions take place at higher energies denoting excitations of core electrons to energy levels above the Fermi level,
i.e. above the ionization threshold, and take place at relatively
high energies.65 X-ray absorption is sensitive to the chemical
bonding environment of the absorbing atom according to the
optical dipole selection rules resulting in characteristic spectral
features.62,65 In case multiple electronic transitions can occur at
a given energy, the resulting absorption denotes the total of all
potential contributions. In this study, our energy resolution was
E/dE ¼ 1500, which translates to the ability to diﬀerentiate
between peaks separated by 0.2 eV. We acquired NEXAFS
spectra at the C K-edge (278–320 eV) and O K-edge (525–550 eV)
to identify carbon and oxygen functionalities of our soot
samples.41 An energy oﬀset calibration was determined by
matching the well dened transition of polystyrene in literature66–68 to measurement of polystyrene latex spheres. To
compare STXM/NEXAFS results between diﬀerent particles and
samples, spectra were background subtracted (mean absorption
between 278–282 eV in the case of C K-edge) and normalized to
OD integrated between 305–320 eV following Takahama et al.69
We used the peak height ratio, r ¼ Ip*/Is* ¼ OD285 eV/OD292 eV,
from the normalized and background subtracted spectra to
estimate the graphitic character of a soot in a semi quantitative
manner, following previous work.39,64,70–72 Higher values of r

Environ. Sci.: Processes Impacts

2.5 Characterization of particle hydrophilicity and OH
accessibility
The hydrophilicity of the bulk soot samples over the RHw range
of 0–98% was characterized by dynamic vapor sorption (DVS,
Model Advantage ET 1, Surface Measurement Systems Ltd.,
London, UK). The amount of water taken up by the soot at
a given RHw is equivalent to the relative mass change of the
sample, Dm, given by the diﬀerence in weight of the sample at
any RHw probed and the sample dry weight. DVS is a gravimetric
technique with a mass sensitivity of 0.1 mg and an absolute RHw
accuracy of 0.5%. This RHw uncertainty dominates the
uncertainties in Dm, when using the DVS to test sorption
isotherms, i.e. determining the mass change when scanning
RHw, resulting in maximal uncertainties in Dm of 0.75% for
our samples. In our experiments each soot sample was dried at
ambient pressure and at 313 K for 400 min within the DVS cell
in order to out-gas any pre-adsorbed water in a pure N2 atmosphere (5.0 grade), prior to the water uptake and loss
measurements, while constantly monitoring the sample mass.
RHw was increased and decreased in increments of 5 and 3%
between 0–80 and 80–98%, respectively, for both adsorption
and desorption branches. Water mass was quantied at quasiequilibrated RHw conditions, dened as when the mass rate
of change was less than 0.0005% min1 over the course of
10 min or aer a maximum time of 1000 min per RHw step. For
the aged soot samples in solutions, the liquid was evaporated in
an oven at a constant temperature of 313 K. The residual soot
material was dried in the DVS cell prior to water vapor sorption
measurement for a period of 400 min, similar to the unaged
samples, as described above. DVS measurements also allow to
gravimetrically determine the accessibility of OH functional
groups present on the soot samples through protium–deuterium exchange (see ESI Sect. S1†).73

3.
3.1

Results and discussion
Unaged mCASTbl and mCASTbr

The AF as a function of RHw for the unaged soot samples at
temperatures of 233 and 218 K is shown in Fig. 1. At T ¼ 233 K,
water supersaturation was required for both mCASTbl and
mCASTbr to form ice. It is unlikely that heterogeneous freezing
of unaged soot particles would occur at this or a higher
temperature.75 At T ¼ 218 K, the mCASTbr also required water
saturation to nucleate ice. The AF of the unaged mCASTbl
increased above the background level close to homogeneous
freezing conditions, indicated by the grey shading in Fig. 1b.
This suggests water uptake occured by the mCASTbl, followed
by homogeneous freezing. Thermogravimetric analysis by
Mahrt et al.33 however showed soluble material to be largely
absent on this soot. Consequently, we interpret the observed
macroscopic ice formation to be a deposition24 (adsorption
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freezing)7 or a PCF30–32,76–78 mechanism for this soot type.
Furthermore, the tendency of the mCASTbl to have higher AF
compared to the mCASTbr is consistent with previous ndings
of the ice nucleation ability of propane ame soot to decrease
with increasing OC fraction.33,79
The diﬀerence in ice nucleation ability between mCASTbl
and mCASTbr is also supported by the clear diﬀerence in the
hydrophilicity of mCASTbl and mCASTbr, with the latter being
signicantly less hydrophilic, as observed in our DVS
measurements (see Fig. 2). At RHw ¼ 98%, the highest humidity
of our sorption measurements, Dm ¼ 10  0.75% and 2  0.75%
for mCASTbl and mCASTbr, respectively. Throughout the whole
RH range the diﬀerence in hydrophilicity is manifested by
a separation of the water sorption isotherms of the mCASTbl
and mCASTbr into two main sets of sorption curves, suggesting
a diﬀerent mechanism for the interaction with water vapor
between these soot types. The inset in Fig. 2 shows the hydrophilicity at low RH more clearly. Previous studies reported water
uptake at low RHw (<25%) to be mainly controlled by chemisorption.80 However, given the absence of a diﬀerence in the
adsorption and desorption branch (hysteresis) at these RH
conditions, we attribute the water uptake to reversible adsorption through van-der-Waals forces between the surface sites and
water. This overall water uptake being largely reversible is
consistent with previous studies on water uptake on soot.9,81
However, at RHw > 80% the isotherms of the mCASTbl samples
clearly reveal a hysteresis. This sorption hysteresis is connected
to capillary condensation of water into the cavities of the porous
soot agglomerates, and results from the existence of thermodynamically metastable states of the condensate within the
pores. While a perfectly reversible water uptake by adsorption
on the soot particles would result in the water uptake and loss
curves to overlap, the delay of the desorption branch can result
from retention of the pore water in narrow connements owing
to the fact that the connement has a lower saturation vapor
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Water uptake (solid lines, ﬁlled symbols) and loss (dashed lines,
open symbols) isotherms given as relative sample mass change, Dm, as
a function of relative humidity with respect to water (RHw). Sorption
isotherms were measured by dynamic vapor sorption at T ¼ 298 K. All
data points represent water uptake and loss at quasi-equilibrated RHw
conditions and the diﬀerence between the adsorption and desorption
branch at a given RHw level denotes the hysteresis. The curves are to
guide the eye. Inset shows enlargement for the 20 # RHw # 88%. Data
of unaged mCASTbl is taken from Mahrt et al.27 and uncertainty in Dm
is 0.75%.
Fig. 2

pressure than the nominal bulk water due to the (inverse) Kelvin
eﬀect.31 In soot agglomerates with complex pore structure some
pores might have access to the surrounding gas phase only
through narrow necks (connements), with the desorption
vapor pressure depending on the size of these necks. Hence, the
large pore body remains lled with water, until the narrow

Fig. 1 Ice nucleation activity of dm ¼ 400 nm soot particles of mCASTbl and mCASTbr, showing the activated fraction (AF) as a function of
relative humidity with respect to water (RHw) at temperatures of (a) 233 K and (b) 218 K. The dashed, black lines represent homogeneous freezing
conditions according to Koop et al.74 Gray shaded regions indicate the calculated RHw variation across the aerosol lamina in the horizontal ice
nucleation chamber, resulting from T uncertainties of 0.1 K and for an aerosol to sheath ﬂow ratio of 1 : 10.33 Uncertainties in RHw are also
indicated for every ﬁfth data point. Data of unaged mCASTbl is taken from Mahrt et al.27
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necks empty at lower relative humidities.29,31 The absence of
a hysteresis for the unaged mCASTbr suggests the absence of
pores that can ll with water. On the contrary, Mahrt et al.33
used transmission electron microscopy and revealed a general
porous structure of aggregates from the same soot type,
resulting from sintering of the primary spherules. To explain
these observations, we interpret the absence of the hysteresis
for mCASTbr here to result from water unable to penetrate into
pores covered by hydrophobic moieties.
The NEXAFS spectra of both soot samples show strong
absorption in the range between 284.9–285.5 eV (“graphitic
peak”) and 292 eV (C1s/s*C*C and “exciton peak”), which are
identifying features for soot, denoting the C1s/p*RðC*¼CÞR and
C1s/s*RðC*¼CÞR , respectively (see Fig. 3a and d and S3 in ESI†).
These absorption peaks have been reported previously for other
soot types from diﬀerent sources.40 For instance, during the
Carbonaceous Aerosols and Radiative Eﬀects Study (CARES), an
absorption peak at 285.4 eV was used as a tracer for particles
dominated by EC or soot,82 suggesting that miniCAST particles
can be a valid proxy for atmospheric soot. Despite this similarity
in the overall spectral features, there are distinct diﬀerences
between mCASTbl and mCASTbr, which might contribute to
their diﬀerent ice nucleation activity. For instance, it should be
noticed that all C*]C peaks for mCASTbr are similarly around
285.0 eV while those of mCASTbl are at 285.4 eV (see Fig. 3a and
d), revealing the chemical diﬀerence between both miniCAST
samples. The larger contribution of the C*]C bond (284.9–
285.5 eV) in the case of mCASTbr compared to mCASTbl,
conrms the less complete combustion (lower fraction of
unsaturated carbons) of this soot type. The broadening
(apparent shi) in peak absorption energy from 285.4 eV to
285.0 eV in the case of mCASTbr is evidence for the presence of
aromatic functionalities. The intensity shoulder at the low
energy side of the 285 eV peak, most clearly visible for mCASTbr,
can be attributed to the resonance transition of the aromatic


carbon atoms in benzoquinone C1s/p*quinoneðC*¼CÞ ,40 and
has previously been reported for comparable miniCAST soots
investigated by Ouf et al.83 and Zelenay et al.84 This high
aromatic functionalities are in-line with the higher OC of the
mCASTbr, which we interpret to cause the reduced ice nucleation ability of this sample compared to the mCASTbl.
Absorption features associated with (resonant) electronic transitions in oxidized carbon or aliphatic carbon appear in the
energy range 284–292 eV, i.e. in the valley between the graphitic
and the C1s/s*C*C peak. For instance, in the range between
285.8–286.4 eV absorption can result from phenol functionalities ðC1s/p*RðC*OHÞ Þ or ketone groups ðC1s/p*RðC*¼OÞ Þ,85 and
carboxylic functionalities in atmospheric soot samples appear
at 288.5 eV ðC1s/p*RðC*¼OÞR Þ.41
A distinct and sharp peak was observed at 287.5 eV for
mCASTbl, but not for mCASTbr (see Fig. 3). Absorption at
287.5 eV can be associated with a variety of peaks, namely
aliphatic carbon or hydroxyl, ketone and quinone functionalities taking into account our energy accuracy. These peaks
overlap, rendering peak assignment diﬃcult. However, oxygen
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Fig. 3 Near edge absorption ﬁne structure (NEXAFS) spectra of (a)
mCASTbl, (b) water aged mCASTbl, (c) acid aged mCASTbl, (d)
mCASTbr, (e) water aged mCASTbr and (f) acid aged mCASTbr soot
particles, measured at the carbon K-edge. All spectra have been
corrected for pre-edge background absorption intensities and
normalized to the total carbon content. Spectra are shifted vertically
for clarity and better comparability. Solid colored lines denote averaged spectra and dotted lines spectra of individual particles of a given
soot type.

NEXAFS spectra of the mCASTbl show a sharp peak at 538 eV,
suggesting the presence of O–C functionalities as noted above,
but lacking carbonyl or ketone structures (absorption around
531 eV, see Fig. S2a in ESI†). This in turn may be indicative of
the 287.5 eV peaks in the carbon NEXAFS spectra to preliminarily result from OH functionalities, further supported by our
protium–deuterium exchange measurements that revealed
a higher amount of OH on the mCASTbl compared to the aged
mCASTbl (see Table S1 in ESI;† see Sect. 3.2 for further analysis
of the 287.5 eV peak). The availability of such OH functionalities
may also help to explain the observed diﬀerences in ice nucleation ability between mCASTbl and mCASTbr.
3.2

Aged mCASTbl

The aged mCASTbl soot samples show a vastly diﬀerent ice
nucleation activity compared to the mCASTbl, with higher AF
than for the unaged particles for the same experimental
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conditions. Just below homogeneous freezing at T ¼ 233 K and
RHw ¼ 95%, the AF for aged mCASTbl is about one order of
magnitude higher than for the unaged particles, irrespective of
whether particles were aged in water or aqueous H2SO4. At T ¼
218 K, the AF for mCASTbl aged in water increased from about
104 to 101, when RHw increased from 75% to 88%. Hence,
just before the onset of homogeneous ice nucleation (RHw z
88%, grey shading), the AF of the water aged mCASTbl was
about three orders of magnitude higher than for the unaged
mCASTbl sample. The AF of mCASTbl aged in aqueous H2SO4
showed a similar trend T ¼ 218 K and over the same RH range
with a similar enhancement compared to those aged in water,
even though the AF values reached at RHw ¼ 88% are slightly
lower.
The enhanced ice nucleation could result from a change in
physical or chemical particle properties, or a combination of
both. Our DVS results show an increased amount of water
uptake by the aged mCASTbl samples as compared to the
unaged mCASTbl for RHw $ 92%. For the water aged mCASTbl,
there is almost a twofold increase in water uptake. For the acid
aged mCASTbl the amount of water being taken up at RHw ¼
98% is approximately a factor 2.2 higher than for the unaged
mCASTbl, revealing an increased hydrophilicity of the aged
samples. Yet, the DVS step at RHw ¼ 98% for both the water and
acid aged mCASTbl lasted for 1000 min, i.e. as long as the
maximum time allowed per RHw level. Therefore, the amount of
water taken up by these samples at RHw ¼ 98% represent lower
limits. More importantly, the water sorption isotherms of the
aged mCASTbl samples both reveal a much stronger hysteresis
compared to the unaged sample. The strengthening of this
hysteresis indicates an increase in mesopore volume for the
aged samples. An increase in mesopore volume is consistent
with the observed enhanced ice nucleation ability of the aged
samples, which we interpret as an enhanced ice formation due
to PCF. The increase in pore water available to initiate ice
formation via PCF can emanate from both physical and chemical changes of the aerosol and specically pore properties upon
aging.32 The aging in aqueous solutions likely caused a restructuring in the soot particle morphology, similar to the compaction of soot particles observed during cloud processing in other
studies,27,86 that can contribute to an overall increase in the
number of mesopores present and hence mesopore volume. At
the same time, lowering the soot-water contact angle of the
pores present could increase the mesopore volume accessible
for water to condense at a lower RHw (compared to unaged soot)
and hence PCF to occur even in the absence of any morphological change. The observed increase in pore water volume is
likely a congruent combination of these eﬀects.
Considering the NEXAFS spectra to assess chemical changes
upon aging reveals the absence of an absorption peak at
287.5 eV in both the water and acid aged mCASTbl samples
which coincide with the enhanced ice nucleation ability of these
samples. This suggests that removal of the compound associated with the 287.5 eV peak, that we interpret to result from OH
functionalities (see Sect. 3.1), and that is present on mCASTbl,
may have allowed for the increased ice nucleation ability of the
aged samples. In fact, a decrease in OH groups on the soot
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surface and a congruent increase in ice nucleation ability, is
consistent with the result of Lupi and Molinero.87 They reported
an increase in freezing temperature with a decrease in hydrophilicity in the form of an increase in the spacing between OH
groups on an OH-decorated graphitic surface, using molecular
dynamic simulations. A decrease of OH functionality upon
aging is further supported by our protium–deuterium exchange
measurements and also by the increased degree of graphitization for the aged samples (see Table S1 in ESI†).
A closer look at the results reveals that the ice nucleation in
the aged mCASTbl samples proceed at higher RHw at T ¼ 233 K
than at T ¼ 218 K. At T ¼ 233 K and RHw ¼ 95%, the ice saturation ratio is Si z 1.4 and almost identical to 218 K and 85%
RHw (Si z 1.42). However, the latter had orders of magnitude
greater values of AF. We believe this may be due to two eﬀects.
First, as T decreases holding RHi constant, the size of a critical
ice nucleus decreases causing ice nucleation to be more probable.24,25 Following PCF, smaller pores can host the ice germ and
allow for homogeneous ice nucleation within them, increasing
the freezing probability.31 Second, pores that are lled with
water at lower RHw values experience a stronger negative pressure (tension of the water meniscus) compared to pores that ll
at RHw close to water saturation. The negative pressure
increases the ice nucleation rates.88 The recent study by Marcolli88 reported that close to the homogeneous nucleation
temperature, mesopores ll with water only very close to water
saturation, causing the pore water to experience almost
ambient pressure (no negative pressure). Consequently, the
homogeneous nucleation rates are too low to cause freezing of
the pore water on the timescale of the particle residence within
HINC. Specically, Marcolli88 showed that at T ¼ 233 K pore
water in a typical cylindrical mesopore of 3.3 nm in diameter
takes about a day to freeze homogeneously. This likely explains
the observed weak enhancement in ice nucleation ability of the
aged mCASTbl samples at T ¼ 233 K (see Fig. 1).

3.3

Aged mCASTbr

The eﬀect of aging on the ice nucleation ability of mCASTbr is
qualitatively similar to that of mCASTbl. For instance, at T ¼ 218
K, the AF for mCASTbr aged in water increased from about 104
to 102, when RHw increased from 75% to 88%, resulting in an
AF of two orders of magnitude higher just before the onset of
homogeneous ice nucleation compared to the mCASTbr. The
ice nucleation ability of the acid aged mCASTbr sample follows
a similar trend. The mCASTbr particles nucleated ice only aer
bulk water saturation was reached whereas the aged samples
nucleated ice at RHw signicantly (z10%) below water saturation, as shown in Fig. 1. This observation suggests that
mCASTbr and the aged mCASTbr samples nucleate ice via
diﬀerent ice formation mechanisms.
Despite the similarity in ice nucleation ability, the acid and
water aged mCASTbr show vastly diﬀerent hydrophilicity in the
DVS experiments (see Fig. 2). This suggest that particle hydrophilicity alone is not a suﬃcient predictor for the ice nucleation
activity, consistent with earlier ndings,7,87 but rather indicates
that relative sample hydrophilicity and other factors such as
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water uptake mechanism, ordering of the liquid water on the
soot surface, spatial distribution of surface functional groups,
and soot nano structure have to be considered in order to assess
the ice nucleation potential and mechanism.87,89 Aging the
mCASTbr in water results only in a marginal increase in water
uptake capacity compared to the unaged sample. The absence
of any hysteresis and the weak mass change for the water aged
mCASTbr even at RHw ¼ 98% is indicative of OC that is waterinsoluble, blocking the pores on this soot type and preventing
water uptake by capillary condensation. The presence of a weak
hysteresis for the acid aged mCASTbr on the contrary suggests
the presence of some mesopores, where water can be taken up,
even though we note that the hysteresis for the acid aged
mCASTbr is within our uncertainty of Dm (see Fig. 2). One
possible explanation would be that the OC fraction gets largely
dissolved/reacted in the acidic solutions (overall decrease in
absorbance, see below), suggesting that the hydrophilic sites are
associated with the EC skeleton of the soot particles. This would
be consistent with Han et al.,59 who found no diﬀerence in
hydrophilicity before and aer heating (removing the OC fraction) of n-hexane soot. Given the higher hydrophilicity (and ice
nucleation activity) of the mCASTbl compared to the mCASTbr,
one might suppose that the hydrophilic sites of the miniCAST
soots are indeed associated with the EC and not the OC fraction.
Similarly, removal of the (hydrophobic) organic material,
blocking the interaction of water molecules with the active sites
and pores on the soot, could cause the enhanced water uptake
of the acid aged mCASTbr compared to the unaged sample. This
would be consistent with the ndings of Persiantseva et al.,46
who report a lower water uptake capacity for kerosene soot in
comparison to kerosene soot that was heated and out gassed,
which was attributed to blocking of pores by organic material.
Removal of some organic material is further supported by the
increase in the degree of graphitization upon aging, indicating
removal of non-graphitic material (see Table S1 in ESI†).
However, a complete loss of all OC from the acid aged mCASTbr
is unlikely, also for the scenario of a soot particle immersed in
a haze or cloud droplet. While partitioning of fragmented, more
volatile organics and reaction products from the condensed
phase into the gas phase would contribute to loss of the OC,
some dissolved organic material would remain on the soot
aggregates upon evaporation of the liquid phase. A possible
reason for the increased water uptake of the acid aged mCASTbr
could be that the aged, oxidized organics cause a lowering in the
soot water contact angle and/or that pores become accessible
upon redistribution of the aged organic material, following the
dissolution in the aqueous solution and evaporation of the
aqueous and volatile components from the aerosol phase. Both
processes would cause the pores on the aggregates to become
more accessible for capillary condensation of water and in turn
enhance the probability of ice formation via PCF. Nevertheless,
given that the weak hysteresis is within our uncertainties in Dm,
we conclude that the increased water uptake of the acid aged
mCASTbr compared to the unaged sample results mainly from
a decrease in contact angle. We can, however, not exclude that
sulfuric acid residuals simply cause the initial water uptake,
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followed by capillary condensation and a dynamic increase in
mesopore volume, i.e. water uptake through a positive feedback.
The NEXAFS results of the water and acid aged mCASTbr
samples exhibit diﬀerent spectral features (see Fig. 3e and f). The
NEXAFS spectrum of the water aged mCASTbr indicates an
overall increase in oxygenated functionalities compared to the
mCASTbr. This includes phenolic functionalities (289.3–289.5 eV)
and absorption in the region typical for carboxylic transitions
(288.2–288.6 eV, see Fig. 3e). This is in-line with the slightly
enhanced water uptake capacity of the water aged mCASTbr
compared to the unaged sample (see above) and consistent with
previous ndings of Zelenay et al.,90 who reported an increased
water uptake capacity for photochemically aged diesel soot
particles and those derived from wood burning and attributed
this to an increased amount of phenolic and carboxylic functionalities based on STXM/NEXAFS measurements. The trend
towards overall higher absorbency of the water aged mCASTbr
relative to the mCASTbr is also visible at the 1s / pR(C*]C)R
transition at 285.5 eV and the peak at 286.1 eV, that can also be
associated with unsaturated carbon.91 With the exception of the
increase in unsaturated carbons, we attribute the overall
enhanced transitions in the energy range between 285.5–291 eV
to the OC fraction associated with the mCASTbr to become more
oxidized during water aging. The acid aged mCASTbr particles on
the contrary show a general reduction in absorption compared to
the mCASTbr, but overall do not indicate any bulk compositional
change. This might be an indication that the stronger oxidation
within the acidic environments largely removes the OC from the
soot particles, as also suggested by our DVS results. Overall, the
acid aged sample has a slightly higher O : C ratio compared to the
mCASTbr sample (see Table S2 in ESI†). However, it is important
to note, that it is likely that the oxygen in sulfate signicantly
contributes to the absorption in the oxygen spectra and thus
discerning peak assignments using O–K edge NEXAFS for this
sample are not discussed.
Overall, it remains inconclusive why the acid and water aged
mCASTbr show diﬀerent spectral features and water uptake
abilities (see Fig. 2 and 3), while exhibiting similar ice nucleation properties (see Fig. 1). One way to reconcile the ice
nucleation activity, chemical functionalities and water uptake
capacities is to consider diﬀerent ice nucleation mechanisms,
as mentioned above, and to view the ice nucleation of water
aged mCASTbr as a classical deposition nucleation process (the
absence of PCF), where water vapor is directly deposited on the
soot and forming the ice phase, whereas the acid aged mCASTbr
can nucleate ice via PCF. In this regard, the enhancement of the
ice nucleation ability of the water aged mCASTbr could be
attributed to a lower contact angle compared to the mCASTbr.
This interpretation would be consistent with the ndings of
Mahrt et al.,33 who nd no PCF for the mCASTbr soot and in-line
with the absence of a hysteresis in the DVS measurements of the
water aged mCASTbr.

4. Atmospheric implications
The observed response of the ice nucleating ability of propane
ame soot to aging in aqueous solutions suggests important
This journal is © The Royal Society of Chemistry 2020
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modications to the intrinsic ice nucleation activity (an
enhancement) of combustion particles that should be considered when predicting the ice cloud-forming ability and associated radiative forcing.92 Aging in acidic aqueous environments
can take place in fog and haze droplets forming on soot particles in polluted industrial environments.93,94 Such aqueous
aging is atmospherically relevant,95 given that aerosol particles
are involved in about three cloud cycles on average during their
atmospheric lifetime,96 where they can be immersed into cloud
droplets and undergo aging similar to that investigated here.
For instance, Mahrt et al.27 reported a signicant enhancement
in soot ice nucleation ability aer inclusion of soot particles in
a single cloud cycle and identied the requirement of hydrometeor formation on the particles to largely contribute to this
enhancement.
The aging processes investigated here increase the range
over which soot particles can act as INP to lower ice supersaturations at a given temperature. For instance, at T ¼ 218 K the
ice nucleation onset of the soot particles aged in aqueous
solutions was found to be around RHw ¼ 75–85%, i.e. signicantly below homogeneous freezing conditions, suggesting that
aged soot particles can impact ice cloud properties at upper
tropospheric conditions.97 The consequence is that soot particles may become an important source of INPs aer undergoing
aging in liquid clouds. The ice nucleation activities of the aged
soot observed here are comparable to those of mineral dust,
which globally constitutes the largest mass fraction of aerosol
particles98 and is generally regarded to be the predominant INP
at these conditions.99 For instance, Welti et al.100 have reported
a similar RHw ¼ 78% as in our study to be required for 400 nm
kaolinite particles to nucleate ice at T ¼ 218 K. Apart from aging
time and particle physicochemical properties, the hydrophilicity of soot can depend on environmental conditions other
than RH. For instance, our water uptake measurements were
performed at T ¼ 298 K. However, the number of water molecules that could be adsorbed on soot particles was observed to
increase with decreasing temperature.9,101 Hydrophilicity
changes with temperature can have potential implications for
ice cloud formation ability. That is, the reported water uptake
capacity at 298 K in this work denotes a lower limit, given the
lower temperatures within the upper troposphere, where cirrus
cloud formation takes place.

5.

Limitations

Soot particles are prone to atmospheric aging processes due to
their relatively long atmospheric lifetime of several days (s z 5–
7 days),102–104 but certainly the timescale of atmospheric aging
can be much shorter than that.105,106 While soot particles in the
upper troposphere can have lifetimes much longer than noted
above, we point out the aging time scale investigated here is
beyond the typical lifetime of atmospheric combustion particles, when considering the scenario of aqueous aging. Therefore, our results present an upper limit of the eﬀect of soot
aging in aqueous environments on the ice nucleation ability of
these particles. Hence, while our results demonstrate the
susceptibility of soot ice nucleation activity to the atmospheric
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aging processes studied here, whether the eﬀect of aged soot
particles on ice nucleation would be diﬀerent if the ageing was
shorter (e.g., 1 day, or 1 month) is beyond the scope of this work,
but certainly a relevant question for future studies to address. In
addition, our results are limited to the aging types investigated
here. For instance, aging in aqueous particles of diﬀerent pH or
chemical composition, can change the particle chemistry. In
addition, we recognize that realistic atmospheric aging is
further complicated by other factors such as multiphase
chemistry involving gas to particle partitioning and
photochemical processes in the cloud water and/or aqueous
aerosol phase, largely determining the aqueous chemistry of
organic aqueous species, that can aﬀect the aerosol aging107,108
and associated ice nucleation properties.109
The largest challenge remains to further disentangle the
contribution of changes from the physical properties versus
those from chemical properties of the soot particles upon
diﬀerent aging processes, and the degree of their contribution
to the enhanced ice nucleation ability. Certainly, one caveat of
our analysis is that upon nebulizing soot particles from the bulk
solutions, the particles can change their morphology. A
compaction upon evaporation of the liquid has previously been
reported,110–114 and can aﬀect the pore volume and thus INP
activity.
Finally, we note that soot particles emitted from real-world
combustion sources, span a much wider range of complex
physicochemical properties than the laboratory surrogates
employed here. In particular, the exact chemical composition of
the OC fraction associated with atmospheric aerosols from e.g.
biomass burning, and comparability to the OC associated with
laboratory generated soot particles constitute a relevant caveat
in assessing the aging eﬀect on the ice nucleation activity of
such particles. Further laboratory studies in which the OC
fraction (coating thickness) and OC type are varied systematically are needed to further our knowledge on how this aﬀects
the ice nucleation activity of these particles and how this in turn
changes through atmospheric aging processes. Overall, we
conclude that our results are relevant for the subset of soot
particles of the size and type investigated here, and that similar
aging processes aﬀect atmospheric soot only under the premise
that these behave like the particles studied here.

6. Conclusions
We have investigated the ice nucleation ability of soot particles
at cirrus temperatures and how it changes upon particle aging.
Two soot types, mCASTbl and mCASTbr, of low and high OC
content respectively, were generated from a miniCAST diﬀusion
ame propane burner. Atmospheric aging was mimicked
through exposure of the soot particles to water and aqueous
sulfuric acid. Acidic solutions were prepared to have a pH value
of 4, typical of that frequently found in cloud or haze droplets
in polluted environments. The ice nucleation measurements
were performed on 400 nm size selected particles (mobility
diameter) by means of RH-scans in a continuous ow diﬀusion
chamber, at temperatures of 233 and 218 K. The range in RHw
(RHi) was approximately 65–105% (100–180%). Ice nucleation
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activity of unaged and aged soots was investigated in relation to
physicochemical particle properties. Particle chemical properties were measured by means of scanning transmission X-ray
microscopy and near edge X-ray absorption ne structure
(STXM/NEXAFS) measurements. In addition, particle hydrophilicity was determined through water sorption isotherms,
using a dynamic vapor sorption (DVS) technique and OH
accessibility measurements.
We demonstrated that the ice nucleation of the two soot
types is strongly linked to their physicochemical characteristics
and found that alteration of such properties upon aging
strongly impacts their ice cloud formation potential. Unaged
particles were observed to form ice only at RH $ RHhom. In
particular, the unaged soot type with larger OC content
(mCASTbr) required water saturation conditions in order to
nucleate ice. Aged soot particles showed enhanced ice nucleation abilities compared to unaged particles. More specically
the aged soot particles had signicantly lower thresholds
required for ice nucleation onset by up to 15% with respect to
water (RHi z 25%) and nucleated ice at conditions favorable for
heterogeneous ice formation. These observations suggest that
there is a need to consider atmospheric aging when assessing
the ice nucleation ability of soot particles in global climate
models,92,115 given that the ice nucleation of aged soot at the
temperatures investigated here is comparable to that reported
for mineral dust particles.100
Our water sorption measurements revealed that the
mCASTbr sample is much less hydrophilic compared to the
mCASTbl samples. The hysteresis observed at high RHw
between the adsorption and desorption branches for the
mCASTbl and the absence of such a hysteresis for the mCASTbr
suggest diﬀerent water sorption mechanisms. Namely, the
presence and absence of water uptake through capillary
condensation for mCASTbl and mCASTbr, respectively.
Consistent with our ice nucleation measurements, the DVS
revealed an increase in hydrophilicity upon aging irrespective of
the soot and aging type. At the same time the aged mCASTbl
samples both revealed enhanced hysteresis and we attribute the
enhanced ice nucleation ability of the mCASTbl to result from
an enhanced PCF mechanism. Interestingly, the acid aged
mCASTbr also exhibited an increased water uptake capacity,
associated with a weak hysteresis at RHw > 80%, which is within
our measurement uncertainty. We attribute this to oxidation
and/or removal of organic material from the pores (redistribution on the soot aggregate) and a general decrease in soot-water
contact angle, allowing for formation of capillary condensates.
Hence, aging of mCASTbr in acidic solutions not only enhanced
the ice nucleation ability, but also changed the ice nucleation
mechanism to a PCF mechanism. The mCASTbr aged in water,
however, only revealed a marginal enhancement in water
uptake capacity and did not exhibit any hysteresis (absence of
mesopores accessible for water uptake). The observed enhanced
ice nucleation ability of the water aged mCASTbr cannot be
attributed to a PCF ice formation, but rather suggests a classical
deposition nucleation mechanism.
Finally, our NEXAFS results revealed distinct chemical
ngerprints of the two soot types and changes upon aging.
Environ. Sci.: Processes Impacts
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Measurements at the O K-edge revealed little oxygen to be
associated with all soot types. This was conrmed by protium–
deuterium exchange measurements used to gravimetrically
determine the accessibility of hydroxyl groups, which were
found to be largely absent for both soot types and independent
of aging. NEXAFS spectra taken on the C K-edge showed the
propane ame soots to be characterized by high proportions of
aromatic carbon (285.5 eV). In particular we found a marked
peak at 287.5 eV observed for mCASTbl but not for the aged
samples of the same soot type, suggesting a correlation between
the ice nucleation activity and the feature of that peak. We
attributed this to OH functionalities. The decrease in such OH
functionalities is in line with the increased ice nucleation of the
aged samples, and consistent with previous ndings.87 Future
studies should include soots from diﬀerent combustion sources
to further our understanding to what extent the impact of
aqueous phase aging controls the ice nucleation activity of
diﬀerent soot types. In addition, it will be useful to more closely
investigate the role of varying aging times. This could also help
to elucidate to what extent diﬀerent particle generation
methods used in laboratory studies, in particular dry versus wet
dispersion of particles, aﬀect the comparability of the respective
results, when assessing ice nucleation activity.
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